Non-Crimp Fabric (NCF) consists of unidirectional plies, which are kept together by stitching yarns arranged in a number of different orientations relative to the fabric production direction. Since NCF has no crimp, NCF can take full advantage of the continuous carbon fibers.
Introduction
To achieve the mass production of CFRP components, it is necessary to develop low-cost molding methods. For intermediate materials, Non-Crimp Fabric (NCF), which consists of unidirectional fiber plies that are kept together by stitching yarns arranged in a number of different orientations relative to the fabric production direction, has attracted much attention [1] [2] [3] . The use of NCF has simplified the laminating process compared to that of pre-impregnated unidirectional tapes (UD) by changing the arrangement and direction of the fiber tows, so the molding cost is expected to be reduced. This structure leads to an advantageous combination of high material properties, low cost processing, and excellent drape performance so it is also suitable for molding composite materials of complex shape [4] . Composite materials using NCF have begun to be used for the complex structural components of aircraft, automobiles, wind turbines and blades [5] [6] [7] . The textile preform like NCF is created by shaping and laminating, however, ease of following the shape of the mold is different, depending on the type of the substrate at the time of shaping the three-dimensional shape having a curved surface. Traditionally, as it was confirmed by molding actually whether the substrate was shapable to three-dimensional shape or not, it took a lot of effort, lacked accuracy and it was difficult to design the perform in mass production. Furthermore, large local deformations occur when the curved textile preform is shaped. These deformations affect the local orientations of fabrics, volume fraction of fibers and fiber thicknesses and become a factor in causing defects such as cracks and wrinkles and the degree of impregnation of resins. In addition, these affect the quality of appearance and mechanical property of the molded components. Therefore, it is required to evaluate the formability accurately whether it is possible to shape cleanly without local deformation of textile preform and wrinkles or not. Though NCF has been reported to be superior in formability to woven fabrics [8] [9] [10] [11] , there is no method or criteria for evaluating the formability, and the effect of stitch parameters, such as differences in stitch intensity and method on the formability of NCF has not yet been clarified.
As NCF is deformed mainly due to shear deformation, it is difficult to form 3D shapes [12] . Therefore, formability improvement of NCF by slitting a textile preform has been attempted; however, problems have occurred such as strength degradation at a notch and cost increase due to the increase of working process. It is therefore necessary to improve the formability of NCF without slitting. One method of formability improvement is to use a blank holder. In previous studies, though the influence of blank holder force on formability of woven fabrics has been clarified [13] that on formability of NCF is uncertain. In this study, a hemisphere geometry punch draping test was conducted to evaluate the influence of blank holder force on the formability of NCF. Meanwhile, deformation of NCF during the draping test was measured by a non-contact 3D strain measurement system.
Material and experimental procedure 2.1 Material
Biaxial carbon fiber Non-Crimp Fabric (NCF), 0°/90°, was used. Table 1 shows the condition of the NCF. Polyester sewing thread is used for the stitching yarn. The stitching pattern of the NCF is tricot stitch (as shown in Fig. 1 ). Fig. 2 shows the schematic view of drape tests by hemisphere punch. The drape tests were conducted by a universal testing machine (Autograph AG-100kNX, Shimadzu Co. Ltd.) and measurement of shear angles of carbon fiber bundles was conducted by a non-contact 3D deformation measurement system (ARAMIS ® , GOM mbH). Diameters of the hemisphere punch shape are 100mm. The specimen size is 200mm×200mm. A random pattern was applied to the specimen using air spray paint mixed with ethanol calcium carbonate in order to enable deformation analysis by a non-contact 3D deformation measurement system. Then, the specimen was placed on an acrylic palate of 300mm×300mm with a hole of 110mm in diameter in the center, sandwiched by the blank holder, and set on the stage. There are three conditions of the blank holder. First, the acrylic plate of 300mm×300mm with a hole of 110mm in diameter in the center was used to apply a load that was uniformly distributed over the entire specimen (test A). Second, the blank holder B shown in Fig. 3 was used (test B). It is considered that the shear deformability of the specimen can be improved by doing the following: the tensile load is applied outward of the specimen which is held only in ±45° directions at the edge and opened in 0°/90° directions (as shown in Fig. 4) . Third, the blank holder was not used and nothing was put on the specimens (test C). Fourth, applying outward of the specimen which is held only in 0°/90°directions at the edge and opened in ±45° directions by using the blank holder B (test D). Fig. 5 shows the condition of examination. Subsequently, the hemisphere punch was set on the test machine and the drape tests were conducted by pushing the specimens with the displacement rate of 10mm/min. During the tests, the state of deformation was measured by non-contact 3D deformation measurement system (ARAMIS ® , GOM mbH). We compare the results of tests A, B, C and D in order to clarify the effect of blank holder. A non-contact 3D deformation measurement system uses a principle of digital image correlation and is a measuring device which can evaluate from the viewpoint of quantitative and qualitative non-uniform deformation of the measured object. In this study, we created an area called "facets" in the specimen (as shown in Fig. 6 ) and measured deformation of facets. Shear angle θ ARAMIS is calculated from equation (1) . Here,  is the angle [deg] between two directional fibers after deformation (as shown in Fig. 6 ).
Experimental
(1) Figure 6 : Schematic drawing of facet deformation. Fig. 7 shows an example for the distribution of shear deformation of NCF in the punch displacement for 20mm obtained by a hemispherical drape test. Fig. 8 shows NCF after deformation in this test. Shear deformation occurred in ±45° directions to the fiber direction. Therefore, to evaluate the formability of NCF, shear deformations in ±45° directions was used in this study. Fig. 9 shows each measuring point for the shear deformations in ±45° direction. Fig. 10 shows the relationship between the punch displacement and the shear angles at the point of 40mm from the top of the hemisphere. There is a point where the slope of the line changed during the test. It is considered that this is because the fiber bundles came into contact with each other due to the shear deformation which was prevented.
Results and discussion

The hemispherical draping test
It was defined in this study that the shear angle at the point where the slope of the line changed was the angle of shear deformable limit and the indicator of the formability. In this study, we call this point, intersection of two approximate lines, "Locking Angle". Fig. 11 shows Locking Angles at the point of 30mm, 40mm and 50mm from the top of the hemisphere in ±45° directions to the fiber direction. Locking Angles were indicated to be larger in test B, followed by test A and test C. Fig. 12 shows Locking Angles at the point of 30mm, 40mm and 50mm from the top of the hemisphere for test B and test D. A Locking Angle for test B, in which ±45° directions to the fiber direction was held by blank holder and the edges in 0°/90° directions are opened, was larger than that for test D, in which 0°/90° directions to the fiber direction was held by blank holder and the shear deformability of Locking Angles in ±45° directions were improved by applying a tensile load in ±45° directions and removing it in 0°/90° directions for the orientation of the fiber bundles.
Formability improvement of NCF by blank holder force
Conclusions
A hemisphere geometry punch drape test was conducted to evaluate the influence of blank holder force on formability of NCF. Meanwhile, deformation of NCF during the drape test was measured by a non-contact 3D strain measurement system. The effect of blank holder force on formability of NCF was evaluated and the method to improve formability was proposed. The investigation yielded the following conclusions:
1. The blank holder force improved formability of Non-Crimp Fabric (NCF). 2. Shear deformability of locking angles in ±45° directions were improved by applying the tensile load in ±45° directions and removing it in 0°/90° directions for the orientation of the fiber bundles.
